Unsaturated fatty acids are thought to pi event thrombotic and arteriosclerotic disease, whereas saturated fatty acids are thought to increase the incidence of these disorders. However, the effects of these diets on megakaryocytes and platelets are not welll understood. We compared the effects of diets enriched with 8.4% olive oil, 8.4% hydrogenated palm oil, or 10.2% to-3 fatty acid ethyl esters on guinea pig megakaryocytes and platelets. In plasma, changes in fatty acid composition reflected the composition of each diet. However, in platelets and megakaryocyi:es, hydrogenated palm oil induced a decrease in 16:0 and an increase in 18:2 while the olive oil diet caused a marked increase in 18:1 and a decrease in most other fatty acids. The differences in the effects of the diets on cellular versus plasma fatty acids suggest that megakaryocytes and platelets have an extensive capacity to regulate their fatty acid composition. Thrombocytosis occurred with the w-3 fatty acid-enriched diet: 12.9± 1.78x 10 s compared with 7.45±1.08xl0 5 platelets per microliter of platelet-rich plasma in control animals. There was an increase in megakaryocyte size, ploidy, and morphological stage (cytoplasmic maturation) with the to-3 fatty acid-enriched diet but not with the other diets. The to-3 fatty acid-enriched diet decreased platelet thromboxane production while the other diets had no effect. Platelet hypersensitivity was suggested in collagen aggregation studies with olive oil but not with the hydrogenated palm oil diet. Although saturated fatty acid diets are thought to be athero|>enic, this diet had no affect on platelet function. The possibility that olive oil-enriched diets can increase platelet sensitivity and thereby augment thrombosis should be considered when making recommendations for increasing the dietary intake of monounsaturated fatty acids. ( 1 Dietary supplementation with unsaturated fatty acids, particularly marine oils, is reported to modify platelet function, as evidenced by the prolongation of the bleeding time, diminished platelet aggregation and secretion, and attenuated thromboxane production.
U
nder pathological conditions, platelets may be involved in the development of thrombosis and atherosclerosis. 1 Dietary supplementation with unsaturated fatty acids, particularly marine oils, is reported to modify platelet function, as evidenced by the prolongation of the bleeding time, diminished platelet aggregation and secretion, and attenuated thromboxane production. 2 -5 These diet-related effects on platelets are considered to be beneficial for the prevention of cardiovascular disorders. 1 The mechanisms for the effects of fatty acid-modified diets on platelet lipid composition and platelet function are not well understood. Unsaturated fatty acid-enriched diets may lead to the modification of platelet function due to several mechanisms, such as i:he alteration of plasma lipoproteins, eicosanoid production, and cellular lipid composition. 1 -9 It is not known whether the ingestion of fatty acid-modified diets exerts a primary or different effect on megakaryocytes than on platelets. The megakaryocyte is likely to be an important target of these diets, since megakaryocytes have a greater capacity for lipid synthesis and metabolism than do platelets. 10 -12 For example, megakaryocytes but not platelets have the capacity for de novo synthesis of arachidonic acid 12 and cholesterol synthesis."
We have begun to determine whether polyunsaturated fatty acid-enriched diets have a primary effect at the level of the megakaryocyte or the platelet. In a previous study 13 we showed that the ingestion of marine oil-enriched diets had differing effects on megakaryocyte and platelet fatty acid composition. In addition, greater amounts of 20:5 and 22:6 were incorporated into acidic phospholipids in mature than immature megakaryocytes. However, while these diets cause a substantial decrease in 20:4 in platelets, a decrease in megakaryocyte 20:4 was barely detectable, most likely due to differences in the activities of acyltransferases or transacylases in the two cells. These diets also caused progressive inhibition of platelet function and of both platelet and megakaryocyte thromboxane synthesis.
To further investigate the effects of fatty acids on megakaryocytes and platelets, we studied the effects of olive oil and saturated fatty acid-enriched diets on guinea pig megakaryocytes and platelets. Olive oilenriched diets are thought to prevent thrombotic and arteriosclerotic disease, whereas saturated fatty acidenriched diets are thought to increase the incidence of these disorders. We now report the effects of olive oil and hydrogenated palm oil on the fatty acid composition of megakaryocytes and platelets. Neither diet had an effect on thromboxane synthesis in platelets, but the olive oil-enriched diet rendered platelets more sensitive to collagen-induced activation.
Methods
Male Fort Detrick Dunkin-Hartley guinea pigs weighing between 300 and 350 g were fed guinea pig chow pellets prepared by Purina Test Diets (Richmond, Ind.): 1) standard guinea pig chow contained a total of 4% fat; 2) an olive oil-enriched chow contained 8.4% olive oil with 10.2% total fat; 3) a saturated fatty acid-enriched diet contained 8.4% hydrogenated palm oil with 10.2% total fat; and 4) an w-3 fatty acid-enriched diet contained 10.2% w-3 fatty acids and 12% total fat. Animals were maintained at the animal facility at Thomas Jefferson University. The animals were sedated with Vetalar and Acepromazine before blood collection; Beuthanasia-D was used for euthanasia. Palm oil was hydrogenated to reduce its 18:1 content by Premier Edible Oils (Portland, Ore.). The w-3 fatty acid-enriched diet was prepared from ethyl ester concentrates provided by Biomedical Test Materials (National Marine Fisheries Service, Charleston Laboratory, Charleston, S.C.). The fatty acid content of the chow was analyzed by gas-liquid chromatography. 1013 Analysis by Purina revealed that vitamin A and D levels were negligible. The guinea pig chows had been fortified with vitamin E, an antioxidant. The food was kept at -20°C and used within 1 month of preparation.
Guinea pig megakaryocytes and platelets were isolated as previously described. 10 - 13 Megakaryocytes were isolated to about 85% purity by cell number and greater than 98% purity by cell volume. Megakaryocyte subgroups at different phases of maturation were isolated by the Celsep procedure.
14 In this procedure, megakaryocytes are separated by size and collected in 18 fractions. Fractions were pooled to prepare a mature subgroup, which contained more than 92% mature megakaryocytes, a subgroup that contained megakaryocytes of intermediate maturity, and an immature subgroup, which contained about 67% immature megakaryocytes. Cytoplasmic maturation, ploidy, and size of isolated megakaryocytes were assessed as previously described. 15 
Thromboxane Synthesis
To study platelet thromboxane synthesis, 0.1 ml of washed platelet suspension was added to 0.9 ml Dulbecco's phosphate-buffered saline solution (DPBS) with 0.2% fatty acid-free bovine serum albumin (ICN, Lisle, 111.), 0.1% dextrose, and 1 yM CaCl 2 . The platelets were incubated for 10 minutes at 37°C in the presence of thrombin (0.05, 0.1, or 1 unit/ml), the divalent-cation ionophore A23187 (0.1 or 1 /xM; Sigma Chemical Co., St. Louis, Mo.), or collagen (2, 5, 10, or 20 nglm\; Chrono-Log Corp., Havertown, Pa.). For the incubations with collagen, purified human fibrinogen was added at 50 /tig/ml. The reaction was stopped with 0.1 ml cold EDTA (0.1 M) and the platelets pelleted at 10,000g for 3 minutes. The supernates were stored at -20°C, and the content of thromboxane was determined by radioimmunoassay. 13 
Determination of 'R' Value, a Parameter for Platelet Hypersensitivity
In this approach, the ratio of the change in the half-time (t, /2 ) to maximum aggregation to the change in the platelet count in platelet-rich plasma (PRP) is determined. Collagen-induced aggregation was determined in 100% PRP (platelet count, 4-9xlO 8 /ml) and in 66%, 50%, 33%, 20%, and 14% PRP, or until a platelet count of lxlO 8 /ml was achieved. The time to half-maximal aggregation (t 1/2 in seconds) was plotted against the PRP platelet count (xlOV/nl) on log-log graph paper and the "R" value, the slope of the line, determined. 16 
Lipid Biochemistry
Lipids were extracted by the method of Bligh and Dyer, 17 and lipid species were analyzed by thin-layer chromatography 101318 : 1) Neutral lipids were separated on a silica gel GHL chromatoplate (Analtech, Newark, Del.) with petroleum ether/diethyl ether/glacial acetic acid (70:20:1, vol/vol/vol) and 2) phospholipids were separated on silica gel G chromatoplates (Analtech) with chloroform/methanol/2-propanol/0.25% KC1 in water/triethylamine (375:122:312:60:226, vol/vol/vol/vol/vol).
Phospholipids were quantified by assay of lipid phosphorus. Acid methanolysis was used to produce fatty acid methyl esters from extracted lipids and phospholipids, which were assessed by gas-liquid chromatography on an SP2330 6-ft column as previously described. 1018 Cholesterol was quantified by gas-liquid chromatography on an SP 2100 2-ft column. 10 Internal and external standards were used to assess recovery and to quantify fatty acids and cholesterol.
Experimental Design and Statistical Analysis
Control animals that were fed standard guinea pig chow were evaluated in each experiment. Megakaryocytes and platelets were studied from the same animal. The significance of differences in the data was evaluated with a Student's / evaluation, and p< 0.05 was considered significant.
Results
The fatty acid composition of 8.4% hydrogenated palm oil-enriched guinea pig chow was 38% palmitic acid (16:0), 37% stearic acid (18:0), 14.6% oleic acid (18:1), 7.1% linoleic acid (18:2), and 3.3% other fatty acids. The composition of 8.4% olive oil-enriched chow was 10.7% 16:0,4.4% 18:0, 73.1% 18:1,9.2% 18:2, and 2.6% other fatty acids. Standard guinea pig chow contained 18% 16:0, 8% 18:0, 30% 18:1, 5% 18:3, 31% 18:2, and 8% other fatty acids. The composition of the 10.2% w-3 fatty acid-enriched diet was 0.2% 16:0, 4.7% 18:0, 0.9% 18:1, 1.0% 18:2, 48.2% 20:5, 24.2% 22:6, and 20.8% others. There were no changes in the fatty acid composition during storage, as determined by gas-liquid chromatography.
Animals were fed the fatty acid-enriched diets for up to 36 days. The saturated fatty acid and olive oilenriched diets were well tolerated, and weight gain in the animals on these diets and on a standard chow diet was similar. However, 60% of normal weight gain Guinea pigs were fed diets enriched with 8.4% hydrogenated palm oil, 8.4% olive oil, 10.2% a>-3 fatty acids, or standarc guinea pig chow (control), and there were no significant differences in the data from animals fed for 10 days or up to 36 days. Data arc shown from animals that had received olive oil, hydrogenated palm oil, and control diets for 12 days and from animals that had received diets enriched with co-3 fatty acids for 21 days. Animals were then killed, and the fatty acids in total plasma lipids were analyzed by gas-liquid chromatography. Values shown are mean + SD in weight percent.
Significantly different from control group at *p<0.01, +p<0.05.
occurred in animals receiving the co-3 fatty acid-enriched diet.
The effects of fatty acid-modified diets on megakaryocyte and platelet lipids were determined at several time intervals, and there were no differences between animals that received these diets for 10 days or longer. The analysis of phospholipids and cholesterol revealed that the cholesterol to phospholipid (C/P) ratios of megakaryocytes and platelets in animals fed olive oil or hydrogenated palm oil-enriched diets were similar to those in animals that were fed standard chow. The C/P ratios in megakaryocytes and platelets from animals that received these diets were 0.38 ±0.03 and 0.52 ±0.02, respectively («=6). Guinea pigs were fed diets enriched with 8.4% hydrogenaied palm oil, 8.4% olive oil, 10.2% co-3 fatty acids, or standard guinea pig chow (control), and there were no significant differences in the data from animals fed for 10 days or up to 36 days. Data are shown from animals that had been fed olive oil, hydrogenated palm oil, and control diets for 12 days and from animals that had received an (o-3 fatty acid-enriched diet for 21 days. Animals were then killed, and the fatty acids in total megakaryocyte lipids were analyzed by gas-liquid chromatography. Values shown are mean±SD in weight percent.
Significantly different from control group at *p<0.0l, tp<0.05.
Guinea pigs were fed diets enriched with 8.4% hydrogenated palm oil, 8.4% olive oil, 10.2% a>-3 fatty acids, or standard guinea pig chow (control), and there were no significant differences between animals fed for 10 days or up to 36 days. Data are shown from animals fed olive oil, hydrogenated palm oil, and control diets for 12 days and from animals that had received diets enriched with co-3 fatty acids for 21 days. Animals were then killed, and the fatty acids in total platelet lipids were analyzed by gas-liquid chromatography. Values shown are mean+SD in weight percent.
Significantly different from control group at */?<0.01.
The data in Tables 1-3 represent the analyses of the fatty acid composition of total fatty acids present in the Bligh-Dyer extracts. Initial studies indicated that there was a similar composition of fatty acids in total lipids and phospholipids in control and diet-fed animals. Table 1 shows that there was an increase in 16:0 and 18:0 in plasma from animals that had received the hydrogenated palm oil-enriched chow. The ingestion of olive oil-enriched diets resulted in an increase in 18:1 and a decrease in 16:0, 18:0, and 18:2. There was an increase in 20:5 and 22:6 and a decrease in 16:0, 18:0, 18:1, and 18:2 in animals fed the co-3 ethyl esterenriched diet.
In megakaryocytes, there was a decrease in 16:0 and an increase in 18:2 in animals that received the hydrogenated palm oil-enriched diet as shown in Table 2 . However, the olive oil-enriched diet caused an increase in 18:1 but a decrease in 16:0, 18:0, 18:2, and 20:4. When megakaryocytes were separated into subgroups as previously described, 1314 olive oil and hydrogenated palm oil-enriched diets caused similar changes in the fatty acid composition of mature and immature megakaryocytes (data not shown).
In platelets, the hydrogenated palm oil-enriched diet caused a decrease in 16:0 and an increase in 18:2 and 20:4 as shown in Table 3 . The olive oil-enriched chow diet caused a decrease in 16:0, 18:0, and 18:2 but an increase in 18:1.
The ingestion of diets enriched with co-3 fatty acid ethyl esters caused an increase in 20:5 and 22:6 in platelet and megakaryocyte lipids as shown in Tables 2  and 3 . However, the increment of increase in 20:5 and 22:6 content was similar to that in our previous study with menhaden oil-enriched diets, which contained lesser amounts of co-3 fatty acids. 13 The effects of menhaden oil-enriched diets on megakaryocyte and platelet lipids on other fatty acids were limited to a decrease in 18:2 and 20:4. 13 However, the administration of diets enriched with high concentrations of co-3 ethyl esters caused a depression in saturated fatty acids as well as unsaturated fatty acids in megakaryocytes and platelets as shown in Tables 2 and 3 . Thrombocytosis was noted to occur in animals receiving the w-3 fatty acid-enriched diet: 12.9±1.78xlO 5 compared with 7.45 ± 1.08 xlO 5 platelets//Al PRP in the control, hydrogenated palm oil, and olive oil diet groups (n=8). Thrombocytopenia was not observed in animals that had ingested any of these diets. The hydrogenated palm oil and olive oil diets had no effect on megakaryocyte cytoplasmic maturation, ploidy, or size. However, there was an increase in megakaryocyte ploidy, morphological stage (cytoplasmic maturation), and size in animals that had ingested the co-3 fatty acid-enriched diet as shown in Table 4 .
The effects of the fatty acid-modified diets on thromboxane production in response to thrombin, collagen, and the calcium ionophore A23187 are shown in Table  5 . There was no effect on platelet thromboxane production at either 10 or 36 days after initiation of the hydrogenated palm oil or olive oil-enriched diets. The o)-3 fatty acid-enriched diet caused a similar depression of thromboxane generation, as was noted previously when animals were fed a menhaden oil-enriched diet. Guinea pigs were fed diets enriched with 8.4% hydrogenated palm oil, 8.4% olive oil, 10.2% a>-3 fatty acid ethyl esters, or standard guinea pig chow (control) for 10-36 days. Animals were then killed, platelets were isolated, and thromboxane synthesis was assessed as previously described. 13 Values shown are mean±SD in picomoles per 10 8 platelets. Significantly different from control group at *p<0.05. Guinea pigs were fed diets enriched with 8.4% hydrogenated palm oil, 8.4% olive oil, or standard guinea pig chow for 10-36 days. Animals were then killed, platelets were isolated, and the R value, a parameter for platelet hypersensitivity, was determined. The R value is the ratio of the change in the half-time to maximum aggregation to the change in the platelet count. There were no significant differences in animals fed for 10 days or >36 days. Values shown are mean±SD.
13
Significantly different from control group at */><0.01.
When we determined the R value in PRP from guinea pigs whose diet had been supplemented with hydrogenated palm oil or olive oil, only the olive oil-enriched diet caused a significantly lower R value as shown in Table 6 , indicating increased platelet reactivity.
Discussion
Several considerations have led to the selection of the guinea pig as the ideal source for the investigation of the effects of dietary fat on megakaryocyte and platelet lipids and the production and activities of these cells. The guinea pig is the most suitable source for the isolation of large numbers of megakaryocytes that can be separated in subpopulations at different phases of maturation. 10 " 1448 In many respects, platelet function is similar in guinea pig and human platelets. For example, thrombin, collagen, ADP, and calcium ionophore can induce platelet aggregation, the release reaction, and thromboxane production in both human and guinea pig platelets. 19 The current study provided the opportunity to study the effects of diets enriched with equivalent amounts of hydrogenated palm oil, olive oil, and w-3 fatty acids. Palm oil was hydrogenated to reduce its 18:1 content. The amount of w-3 fatty acids in our current study was considerably greater than that used in our previous study with the menhaden oil-enriched diet. 13 The distribution of plasma fatty acids reflected the fatty acid composition of the ingested diets. However, while there was about a 23% increase in plasma saturated fatty acids with the hydrogenated palm oil diet, there was a 137% increase in 18:1 with the olive oil diet. Plasma ordinarily contains no 20:5 and 22:6, but after administration of the co-3 fatty acid-enriched diet, 20:5 and 22:6 represented 36.2% of total plasma fatty acids.
The distribution of fatty acids in megakaryocytes and platelets did not always reflect the fatty acid composition of the ingested diets. It would appear that megakaryocytes and platelets have an extensive capacity to regulate their fatty acid composition in the presence of dietary-related modifications of plasma fatty acids. With the hydrogenated palm oil diet, there was a paradoxical decrease in saturated fatty acids and an increase in unsaturated fatty acids in both platelets and megakaryocytes, but these changes were greater in platelets. There was a modest increase in 20:5 and 22:6 in megakaryocytes and platelets in comparison to that in plasma with the w-3 fatty acid-enriched diet. In fact, the extent of the increase in 20:5 and 22:6 in both cells was similar to that noted in our previous study with the menhaden oil diets, which contained considerably less co-3 fatty acids than the co-3 fatty acid-enriched diet used in this study. 13 With the olive oil-enriched diet, there was a greater than 100% increase in 18:1 in both cells with an associated decrease in other unsaturated fatty acids as well as saturated fatty acids, but 20:4 was not decreased in platelets. Probably the 18:1 in the olive oil-enriched diet is readily incorporated into cellular phospholipids because it is a major fatty acid in most cells. In general, the acylation of plasma, platelet, and megakaryocyte lipids occurred more readily with unsaturated than saturated fatty acid-enriched diets, possibly because of greater turnover of the acyl group on the C-2 position than the C-l position in phospholipids and triglycerides.
The ingestion of the hydrogenated palm oil and olive oil diets did not have any effect on platelet counts or on megakaryocyte ploidy or cytoplasmic maturation. However, the co-3 fatty acid diet caused a significant thrombocytosis associated with increased ploidy, a greater number of stage III and IV megakaryocytes, mature cells with respect to cytoplasmic maturation, end increased size. These changes were not noted to occur in our previous study with the menhaden oil-enriched diets, which contained considerably less co-3 fatty acid than the diet used in this study. 13 However, significantly less weight gain was noted in animals on the co-3 fatty acid ethyl ester-enriched diets than in animal:; that were fed the standard guinea pig chow. Thus, thrombocytosis may have been due to an indirect mechanism. Thrombocytopenia has been reported to occur in humans placed on diets with high concentrations of marine oils over prolonged time periods. 5 ' 6 Our study indicates that high concentrations of co-3 fatty acids can augment megakaryopoiesis. There was no evidence of anemia or infection, which can also induce thrombocytosis. However, whether marine oils stimulate or depress platelet production may be dependent on the dose of co-3 ratty acid or its duration of administration and perhaps the species under investigation.
Neither the hydrogenated palm oil nor the dive oil-enriched diet had any effect on thromboxane production, despite the observation that the hydrogenated palm oil diet caused a significant increase in 20:4. Marine oil diets are known to depress thromboxane A 2 production, which may be one mechanism for the effect of these diets on platelet function. 1213 The co-3 fatty acid diet used in the current study did attenuate platelet function and thromboxane synthesis but not to a greater degree than noted in our previous study with menhaden oil-enriched diets. 13 Thus, marine oil but not other faity acid-modified diets have an effect on thromboxane synthesis, and the maximal effect on thromboxane synthesis may occur at a relatively low concentration of marine oil fatty acids.
While the standard technique of measuring the extent of aggregation in PRP at a single platelet count is useful for studying decreased platelet responsiveness to aggregating agents such as ADP and collagen, it is relatively insensitive to increased platelet reactivity. We tested for platelet hypersensitivity by a recently described index of platelet aggregation, the R value. The R value determinations were shown to be useful for demonstrating increased activity in platelets in the acute phase of arterial thrombosis, and in PRP activated with ellagic acid or contact factors. 16 Of the three experimental diets used in this study, only the olive oil diet induced an increase in platelet hypersensitivity, as deduced from the R value.
The effects of monounsaturated fatty acids on platelet activities have been studied less frequently than those of polyunsaturated fatty acids. Olive oil has been reported to depress platelet aggregation, 20 ' 21 but relatively high doses of olive oil were used in one of these studies 20 and the changes in platelet function were marginal in the other. 21 The demonstration of olive oil diet-related platelet hypersensitivity is consistent with previous reports of increased platelet activity in patients on monounsaturated fatty acid 22 and olive oil-enriched 23 diets. This study has provided new information about the relative effects of fatty acid-enriched diets on megakaryocytes as well as platelets. Unsaturated fatty acidenriched diets, particularly the olive oil diet, had a more profound effect than the saturated fatty acid diet on the fatty acid content of these cells. Although saturated fatty acid diets are thought to be atherogenic, this diet had no affect on platelet function, co-3 Fatty acids did attenuate platelet function and at high concentration affected thrombopoiesis. However, the olive oil diet increased platelet reactivity. The possibility that olive oil-enriched diets can increase platelet sensitivity should be considered when making recommendations for increasing the dietary intake of monounsaturated fatty acids as an antithrombotic diet.
